The type-II Dirac fermions that are characterized by a tilted Dirac cone and anisotropic magneto-transport properties have been recently proposed theoretically and confirmed experimentally. Here, we predict the emergence of two-dimensional type-II Dirac fermions in LaAlO3/LaNiO3/LaAlO3 quantum-well structures. Using first-principles calculations and model analyses, we show that the Dirac points are formed at the crossing between the dx 2 -y 2 and dz 2 bands protected by the mirror symmetry. The energy position of the Dirac points can be tuned to appear at the Fermi energy by changing the quantum-well width. For the quantum-well structure with a two-unit-cell-thick LaNiO3 layer, we predict the coexistence of the type-II Dirac point and the closed nodal line. The results are analyzed and interpreted using a tight-binding model and symmetry arguments. Our findings offer a practical way to realize the 2D type-II Dirac fermions in oxide heterostructures.
Introduction. The recent proposal of type-II Weyl fermions 1 has inspired intensive investigations of the counterpart type-II Dirac fermions 2, 3, 4, 5 . The type-II Weyl/Dirac fermions merge at the boundary between electron and hole pockets and exhibit specific anisotropic magneto-transport behavior qualitatively different from the type-I Dirac fermions 1, 6, 7 . To date, a handful of candidates hosting the three-dimensional (3D) type-II Dirac fermions have been theoretically proposed, such as materials deriving from PtSe2 , and KMnBi 5 families. The experimental evidence of the 3D type-II Dirac fermions in bulk PtSe2 8, 9 , PtTe2 10 , and PdTe2 11 have been reported based on angle-resolved photoemission spectroscopy measurements.
On the other hand, towards the devices miniaturization, it would be beneficial to realize type-II Dirac fermions in twodimensional (2D) system by analogy to the well-known type-I Dirac fermions in graphene 12 . For example, the existence of the 2D type-II Dirac fermions have been predicted in monolayer WTe2 13 , graphene with nitrogen line defects 14 , quinoid-type α-(BEDT-TTF)2I 15 . However, the properties of these freestanding 2D materials systems may change when they are deposited on a substrate for performing experimental measurements. For example, the Dirac cone in a free-standing silicene is destroyed due to the hybridization with an Ag(111) substrate 16 . In this regard, it would be desirable to find 2D systems, which can be accurately controlled and not effected by the conditions of measurements. From this point of view, complex oxide heterostructures may serve as a fertile playground to realize the 2D type-II Dirac fermions in practice. Due to advances in thin-film deposition and characterization techniques, the layered oxide heterostructures can be synthesized with atomic-scale precision and exhibit variety of electronic phenomena not found in bulk constituents 17 . Very recently, 2D type-II Dirac fermions have been observed in a layered oxide La2−xSrxCuO4. 18 Here, we propose the realization of 2D type-II Dirac fermions in the experimental feasible oxide quantum-well structures LaAlO3/LaNiO3/LaAlO3(001) 19 . Bulk LaNiO3 (LNO) is a paramagnetic metal 20, 21 , which can be used as an oxide electrode 22 , 23 , while bulk LaAlO3 (LAO) is a wide-gap insulator 24 . Previous work on LNO/LAO (001) heterostructures has been focused on the orbital engineering to produce novel electronic properties [25] [26] [27] [28] . Here, we exploit the effect of quantum confinement of the LNO layer to form the emerging electronic states. We predict that the type-II Dirac points (DPs) appear along the diagonal axes of the 2D Brillouin zone (BZ) and the band dispersion around the DP is strongly anisotropic in the momentum space. Given the experimentally feasible structure with tunable degrees of freedom, the proposed LAO/LNO/LAO quantum-well system represents a promising candidate to realize the 2D type-II Dirac fermions in practice.
Results and discussion. First, we investigate the atomic and electronic structure of a LAO/(LNO)n/LAO quantum well with LNO thickness n of 1.0 unit cell (u.c), as depicted in Fig. 1(a) . Density-functional theory (DFT) calculations are performed using the plane-wave ultrasoft pseudopotential method 29 implemented in Quantum-ESPRESSO 30, 31, 32, 33 (further details can be found in the Supplemental Material 34 ). Fig. 1(b) shows the calculated relative metal-oxygen (M-O) displacements across the heterostructure. Overall, we see that the displacements are quite small with the slight enhancement ~0.03 Å at the interfaces. This stems from no electrostatic mismatch across the interface, due to the equal formal valence of the (NiO2) -and (AlO2) -atomic layers. This is contrast to the well-known SrTiO3/LaAlO3 (001) system where a large La-O displacement at the interface ~0.2 Å is produced between the charged (LaO) + and neutral (TiO2) 0 atomic layers 35 . Fig. 1 (c) shows the local density of states (LDOS) across the quantum well. It is seen that the LDOS at the Fermi energy EF is nonzero only within the LNO layer, suggesting a nearly perfect 2D electron gas. Examining the LDOS of the LNO layer suggests that the Ni-t2g (dxy, dyz, dzx) orbitals are well below EF and fully 2 occupied, whereas the Ni-eg (dx 2 -y 2 , dz 2 ) orbitals are partially occupied and thus determine the electronic structure around EF. Next, we discuss the electronic structure of the LAO/(LNO)1/LAO quantum well. Fig. 2(a) shows the calculated band structure without spin-orbit coupling (SOC). It is seen that the dx Fig. 2(d) shows the 3D band structure around the crossing point. It is seen that cutting the bands by the isoenergy plane opens electron and hole pockets touching at the crossing point [ Fig. 2(e) ]. Due to space inversion symmetry P and timereversal symmetry T, each band represents a Kramers doublet which makes the crossing point fourfold degenerate. These properties are the characteristic features of the type-II Dirac fermion and the crossing point is the well-known DP. Due to the C4 four-fold rotation symmetry, there are four equivalent DPs in the 2D BZ [red dots in the inset of Fig. 2(a) ]. The type-II DP due to the unavoidable crossing between the two eg bands was also found in the bulk cuprate oxides To gain further insight into the nature of the DP, we derive the  kp effective Hamiltonian based on the theory of invariants 36, 37, 38 . The Hamiltonian up to the linear order is given by
where ( ) The energy spectrum of Eq. (1) is
Eq. (2) describes the 2D anisotropic massless Dirac fermions. Fitting to the band around the DP yields 1 We see that the LAO/(LNO)1/LAO hosts the 2D type-II Dirac fermions due to the symmetry protected band crossing between the two eg bands. However, the energy position of the DP is relatively high, i.e. ~0.8 eV above EF. Electron doping or gate biasing are technically feasible to tune the DP closer to EF. However, there is another efficient way to tune the DP by changing the quantum-well width 34 (LNO layer thickness). Fig. 3(a) shows the calculated band structure of the LAO/(LNO)2/LAO (001). Comparison to Fig. 2(a) reveals that the quantum confinement in the z direction splits the two dz 2 bands: at the Γ point, one band shifts above EF while the other band moves below EF. On the other hand, the dispersion of the dx 2 -y 2 bands is nearly unaffected (dx 2 -y 2 orbitals lying in the xyplane). As a result, the two crossing points between the lower dz 2 band and the two dx 2 -y 2 bands become closer to EF. These crossing points, denoted by P and Q, are seen in Fig. 3(b Figs. 3(c) and 3(d) show the band dispersions perpendicular to Γ-M ( k ⊥ ) and passing through the P and Q points, respectively. As can be seen, P point exhibits properties similar to the DP in the LAO/(LNO)1/LAO: the linear dispersion in all directions, the titled band crossing along ‖ [ Fig. 3(b) ], and the straight band crossing along k ⊥ [ Fig. 3(c) ]. Q point reveals however a different behavior: along ‖ , the crossing bands have the titled linear dispersion [ Fig. 3(b) ], while along k ⊥ , the dispersion is quadratic [ Fig. 3 (d) ]. Using a tight-binding (TB) model (discussed below), we have calculated the band dispersion around EF. Fig. 4 (a) shows that P point emerges as an isolated point, while Q point belongs to a closed nodal line (NL). It is evident from Fig. 4 (b) that the energy of the NL varies from -0.04 eV to -0.7 eV, which favors the experimental measurement over a large energy scale. The NL appears due to the PT symmetry, which in general produces a closed nodal loop in the BZ 39, 40, 41 . The point group for a general crossing point at the NL is Cs, which consists of the identity element E and the mirror reflection To obtain a deeper insight into the band structure of the LAO/LNO/LAO, we construct a TB Hamiltonian in basis of the  , which is confirmed by the fitting 34 . Consequently, the splitting between the two dz 2 bands is significantly larger than the splitting between the two dx 2 -y 2 bands, which is in line with our DFT results [ Fig. 3(a) Fig. S4 , a tiny gap of ~2 meV appears at the DP. Thus, in the spinful case, the DP is not protected by mirror symmetry and a small gap opens due to SOC. The same conclusion also applies to the NL [ Fig. S5(b) ].
Summary. In summary, we have predicted that LAO/LNO/LAO (001) hosts the 2D type-II Dirac fermions. Our DFT calculations and TB modeling demonstrate that one-u.c.-thick LNO layer, when placed in the quantum well, forms the Dirac points that are located along the diagonal lines of the 2D Brillouin zone and in the spinless case are protected by the mirror symmetry. The formation of the 2D type-II Dirac fermions can be tuned by the quantum-well width. Moreover, growing the LAO/LNO/LAO on different substrates 47 , 48 enables the strain-tunable DP 34 . For a two-u.c.-thick LNO layer, the energy position of the Dirac point is found to appear near the Fermi energy. In this case, we predict the coexistence of the isolated Dirac points and a closed nodal line. SOC opens a small (~2 meV) gap at the Dirac points and the nodal line. We hope that our findings will stimulate the experimental search for the 2D type-II Dirac fermions in the LAO/LNO/LAO (001) quantum-well structures. 40 Y. Quan, Z. P. Yin, and W. E. Pickett, Phys. Rev. Lett. 118, 176402 (2017 The TB Hamiltonian for (LNO)1/(LAO)6 in real space reads
H.c. , 
here   (   ) denotes the onsite energy, t  ( t  ) the nearest-neighbor (NN) intra-orbital hopping, t   ( t   ) the nextnearest-neighbor (NNN) intra-orbital hopping, and t  the NN inter-orbital hopping. Those hopping parameters are schematically shown in Fig. S1(a) . By performing Fourier transformations 
The energy spectrum of Eq. (1) is
Analogously, the TB Hamiltonian for (LNO)2/(LAO)6 in real space reads
where The ferromagnetic state is found with U = 5.5 eV or larger, which is similar to that (5.7 eV 4 ) used previously. The effects of epitaxial strain are studied through changing the in-plane lattice constant by ±2% while fully relaxing the out-of-plane lattice constant as well as the atomic coordinators. Since the experimental lattice constant for pseudo cubic LNO is a=3.84 Å 5 , the compressive (-2%) and tensile (+2%) strain can be achieved through growing LNO/LAO on the tetragonal LaSrAlO4 (a=3.75 Å 6 ) and cubic SrTiO3 (a=3.91 Å 6 ) substrates, respectively. Fig. S7 shows the comparison of the band structures of (LNO)1/(LAO)6 under compressive (-2%) and tensile (+2%) strains. We see that the compressive (tensile) stain pushes the DP downward (upward) by ~0.24 eV, which enables the achievement of strain-tunable DP. 
7.
 kp Hamiltonian
A  kp Hamiltonian can be derived based on theory of invariants 7, 8, 9 . The Hamiltonian around the DP 0 k can be Based on these conditions, the symmetry allowed terms up to the cubic order in q are given by 8 ( ) 3  3  2  2  0  1  2  3  4  5   2  2  3  3  2  2  1  2  3  4   22  3  3  2  2  1  2  3  4 
